An extensive research program on combustible wall lining materials has been carried out in Sweden. A computer model, which as closely as possible describes the physical processes of flame spread and fire growth, is presented using material properties derived from standardized bench-scale tests as input data.
BACKGROUND
Recent research on the wall and ceiling lining fire problem in Europe has been heavily influenced by the efforts to produce a harmonisation of "reaction to fire" test methods and of classification systems. It is agreed that a robust and unified classification system must be based on a determination of fire performance requirements and related to hazard assessment. A recent paper enumerates [1] a ten-step procedure for generating the new possible classification system. Among these steps are selection of large scale scenarios, identification of limit states, development of models, based on bench-scale test data, for the prediction of fire growth in the large scale scenario and the establishment of the relationship large scale/bench scale testing. Ideally, it should be possible to define classification criteria in terms of output from bench scale tests such as ignitability, surface spread of flame and heat release rate.
In Sweden, financed by BRANDFORSK, a cooperative research program with these specific objectives has been running through most of the 1980's [2] . This paper gives an incomplete and very summary review of some of the results from this project. Specifically, it refers to the results in two earlier publications [3,4J which should be consulted for necessary detail and additional references.
The purpose of the work presented in [3] and [4] was to use results from bench-scale flammability tests as input to a mathematical model which could rationally predict full scale fire growth on combustible linings. Two scenarios were considered; scenario A, where the lining materials are mounted on compartment walls and ceiling; and, scenario B where the material is mounted on walls only. This paper will consider only scenario B.
In the same Swedish research project previous efforts [3,13,14J to numerically predict fire growth have been directed at scenario A. Generally speaking these models, though varying in complexity, are built on rather simple semi-empirical expressions on flame spread with undetermined parameters calculated by curve fitting. The analysis presented in this paper, in addition to be directed towards scenario B exclusively, is a more detailed and physically based study on the complete fire growth process. It is a "stand-alone" model with no curve fitting required.
The approach used in ref 13 has been further developed within the EURIFIC-project [15J and has been proposed as basis for a future classification procedure [16] . The later part of this paper will outline an alternative procedure.
EXPERIMENTAL BACKGROUND

Room fire scenario
Two room sizes will be considered; the full scale test room with a single door opening in accordance with methods proposed by ASTM, ISO and NORDTEST [16] ; and a 1/3 scale model of the full scale compartment.
The full experimental test series comprise 13 materials, tested in a number of bench-scale methods, in the full-scale version of the ASTM/ISO room corner test and in a 1/3 model scale version. The 13 materials are listed in For scenario A all 13 materials were tested in the full-scale room test. For scenario B, materials 2, 3, 6 and 8 were tested in full-scale. All 13 materials were tested in the 1/3 scale model room, though.
Bench scale test output
Bearing in mind that the objective was limited to explore the potential of the ISO ignitability, surface spread of flame and heat release rate tests, the problem then becomes to decide in the appropriate methodology to process output data from these bench scale tests and derive flammability parameters required by the numerical submodels. The procedures that were utilized are briefly described below.
Ignitability test
The 13 materials listed in table 1 were tested in the Standard ISO ignitability test. With additional thermocouples attached to both sides of the sample the test can be used to derive parameters such as thermal conductivity, k, and thermal capacity, kpc, of the tested specimen. The values of thermal inertia, /kjiC, used in this study were derived in this way and are listed in Table   1 . A full description of the method used to derive these parameters is given in [3J.
For all room fire experiments time to ignition was closely correlated to the ignition times measured in the ISO ignitability apparatus [3] . Details of this correlation are given in [4] .
Surface spread of flame test
The 13 materials listed in Table 1 were tested in the IMO and ISO surface spread of flame tests. The flame spread parameter ¢ was experimentally determined according to the procedures described in e.g. Harkleroad, Quintiere and Walton", see Table 1 .
Rate of Heat Release measurements The 13 materials were tested in three different RHR apparatuses: the Ohio State University apparatus, an open configuration based on a design originally developed by the National Institute of Standards and Technology (formely National Bureau of Standards) [6] , and the cone calorimeter. The experimental curves were idealized as seen in Fig. 1 , resulting in the expression
The Qll max values were taken directly from measurements and are given together with the corresponding regression values of ,\ in Table 1 . Equation (1) seemed phenomenologically correct except for material 10.
MAIN MODEL STRUCTURE
The total rate of heat release in the room is assumed to come from five sources; the gasburner, the vertical wall area behind the burner, a horizontal strip of material at the ceiling/wall intersection corresponding to the vertical height of the ceiling jet and, when downward flame spread has started, the wall material in the upper layer and from the wall linings below the hot gas layer, respectively.
The following submodels are included in the total simulation model 1.
Ignition of wall area behind burner, using data from the ISO ignitability test 2.
Horizontal, concurrent flame spread along intersection ceiling/walls 3.
Upper layer hot gas temperature calculation based on calculated HRR 4.
Heating up of wall areas, both below and above the thermal discontinuity, by convection and radiation 5.
Downward, against the wind, flame spread 6.
Calculation of total heat release rate, based on areas pyrolyzing and time dependence of bench scale HRR curves
SUBMODELS IN THE NUMERICAL SIMULATION COMPUTER PROGRAM
Most of the submodels listed above have been described in detail in [4] and will therefore not be discussed in this paper. However, recent improvements in the model include the calculation of horizontal concurrent flame spread along the ceiling/wall intersection. This submodel will therefore be discussed in some detail.
Flamespread along wall/ceiling intersection
Once the material behind the burner ignites, the flames hit the ceiling and stretch out along the ceiling/wall intersection. After a heating up period the material behind the flames ignites and the flame spreads along the intersection in the mode of concurrent flame propagation. Thomas and Karlsson [8] discussed the assumptions and limitations behind this approach and gave analytical solutions to equation (2) for certain conditions, depending on flame length correlations, initial gas burner output and the rate of heat release history of the burning material.
The analytical solution used here is given as
Vh refers to the horizontal flame spread velocity in the ceiling/wall intersection, Q"
A e-)., T is the heat release rate from the wall area A max w w behind the burner at the onset of concurrent flame propagation and W is the width of the burning strip in the ceiling/wall intersection, here taken to be around 5% of the room height. k and L o are flame length correlation constants described by Thomas It proved necessary to introduce a maximum limit on Q based on air entrainment into the wall flame. With this complement the expression above works satisfactorily for all tests.
Heat transfer to walls etc
One long side of the compartment wall was split into a large number of thin, horizontal strips and the heat flux from the gas layer to the center of each strip calculated using standard expressions. Once the downward flame spread started, the radiation from the wall flames and the pyrolysing lining material behind the flames was added to the smoke layer radiation.
For the part of the wall lining surface submerged in the upper hot gas layer, heat transfer and surface temperature were calculated using traditional procedures. Calculated and measured wall-surface temperatures were compared in [4] , showing good agreement.
Downward flame spread
The downward flame spread velocity, Vd' is calculated from the expression (5) where T p = pyrolyzation temperature, T s surface temperature at flame front. The total rate of heat release, Qtot' at time t (counted from time tstart + r) then becomes (with t p as dummy integration variable) Q (t) = Q + Q" A e-"\(t+r) + Q" tot gb max w max
where L is the length of the strip over which the downward flame spreads and A w is the area of burning material behind the gas burner.
The first term is the effect from the gas burner, the second the contribution from the wall behind the burner and the third from the part of the horizontal strip which is pyrolysing.
The fourth and final term in Equation 6 is the contribution of the downward flame spread in the upper layer and, once the flames reach the intersection of the hot gas layer and the lower ambient layer, the downward flame spread below the hot layer. Figure 2 shows the results of using this procedure on material 3 in Table 1 for the full scale test. Figure 3 shows the results of using the procedure on a material which does not go to flashover, i.e. material 6 in table 1. The procedure has been used on other materials, in both full and 1/3 scale tests, showing similar results.
Summing up, a model numerically simulating the based on the bench-scale test parameters kpc, ¢, T ig, developed and at least partially validated [4] . To even start considering the answers to questions such as these requires extensive sensitivity testing and a prohibitive amount of calculation.
It is clear that in practice the entire classification would be greatly facilitated if the limit state could be expressed as an analytical function of design parameters.
To test the idea the following expression was written to.79 dt which strongly suggests that an alternative form might be with Q"(t) directly taken from the cone calorimeter. Replacing kpc with time to ignition t ig, also directly obtained from the bench-scale test, should be straight forward.
Work along all these lines is now (March 1991) continuing as well as efforts, in a wider context, to implement these results in a classification procedure with regard taken to uncertainty, reliability and economy.
